We report the observation and analysis of the 3 3 Π Ω double-minimum electronic ex- 
I. INTRODUCTION
The process of photoassociation (PA) has served as a very useful tool to researchers in the field of ultracold Atomic, Molecular and Optical(AMO) physics. 1 The main advantage of this technique is its simplicity. The PA process provides an efficient, continuous, single-step method for the formation of alkali metal molecules in the ground X 1 Σ + state and the metastable a 3 Σ + state. 2 Detection of the molecules formed by PA and subsequent spontaneous emission is possible using several techniques, including resonance enhanced multiphoton ionization (REMPI). The REMPI process provides very rich spectra containing information on not only the vibrational population distribution of the X state and the a state but also on the excited intermediate state via which ionization is performed.
A major focus of the AMO community in recent years has been on the production of the absolute ground state of ultracold heteronuclear molecules. Such molecules may well be a stepping stone for the future realization of quantum computation and improved understanding of many-body physics. Researchers all over the world have searched for different transfer pathways for the formation of these ground-state molecules, e.g. photoassociation 3, 4 and stimulated Raman adiabatic passage (STIRAP).
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Our group at the University of Connecticut has sought an efficient path for formation of absolute ground-state molecules of 39 K 85 Rb using single-step PA. 7 Accurate knowledge of the excited electronic states is important to this research since the available ab initio potentials are not sufficiently accurate. Hence, we have performed high resolution spectroscopy of various electronic states (both excited and ground) of KRb over the years. 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] In this paper, we report both experimental and theoretical investigations of the double-minimum 3 3 Π electronic state of 39 K 85 Rb, which may be useful in both the formation and detection of the X state and the a state.
II. EXPERIMENT
A detailed description of the experimental setup is given elsewhere. 8 Here we give a brief account. We start with a dual species "Dark-SPOT" 17 magneto-optical trap (MOT) of 39 K and 85 Rb. The average MOT density of 39 K is ∼3×10 10 cm −3 and that of 85 Rb is ∼1×10 Figure 2 shows the all of the available case (c) potentials converging to the K(4s)+Rb(4d) and K(4s)+Rb(6s) atomic asymptotes 18 , with panels (a), (b), and (d) depicting Ω = 0 + , 0 − , and 2. There are numerous avoided crossings, and in the case (a) limit it is the diabatic continuation of each curve across these gaps that is needed. We have constructed approximate potential curves for the Π 0 − , Π 0 + , and Π 2 components of the 3 3 Π state by using cubic splines to smoothly connect the adiabatic curves at the crossings. The dashed curves in Fig.   2 show the resulting case (a) potentials. For the Π 1 component this procedure is impossible because the required 9(1) state has not been calculated, so instead we approximate the case with our experimental results, as we show in Section IV.
In Figure 3 , all four of the resulting approximate potential energy curves are shown in an expanded view, together with an inset showing their entire range. The near degeneracy of the Ω = 0 ± components is evident, as is typical in Hund's case (a), and from now on we will refer to them together as Ω = 0. Our experimental observations confirm that the Ω = 0 ± splitting is quite small. We have provided the listing of the modified potentials in the supplementary material. At long range the 3 3 Π potentials correlate to the K(4 2 S 1/2 )+Rb(4 2 D J ) atomic states, and the fine-structure splitting between J = 3/2 and J = 5/2 is only 0.44 cm −1 . The much larger molecular fine-structure must gradually converge to this small value as the potentials approach their asymptotes. This is quantitatively represented in Figure 4 , which shows that the spin-orbit splittings are largest (∼40 cm −1 ) near the bottom of the well (∼5Å) and decrease rapidly at long range.
IV. RESULTS AND ANALYSIS
In this section, we first describe our PA and REMPI spectra, then analyze them using the potentials described in section III. We also discuss possible perturbations due to vibrational near-degeneracy between levels of the 3 3 Π Ω and the 4 3 Σ + states.
A. Photoassociation Spectra The vibrational numbering of the 5 (1) and the ab initio potential, we find that v ′ = 118 of 3(0 + ) is the closest match to the present photoassociation line. Thus we will refer to the 3(0 + ) band reported in Figure 5 as v ′ = 118, though the absolute numbering remains uncertain.
In Appendix A we discuss possible problems due to overlaps with "hyperfine ghost"
artifacts, arising due to a small population in the bright hyperfine states (F = 2 for 39 K and F = 3 for 85 Rb) of 39 K (4S) and 85 Rb (5S) in our dark SPOT, and we rule out the possibility. 
B. REMPI Spectra
The REMPI spectra obtained by keeping the PA laser fixed at the 5(1), v = 17, J = 2 level are shown in Figure 6 . We have successfully assigned the vibrational levels v ′ = 2 − 11 of the 3 3 Π 1 and 3 3 Π 2 state and v ′ = 2 − 12 of the 3 3 Π 0 state. From these observed transitions we obtain the total energy (E v ′ J ′ ) for a particular vibrational level v ′ which has a spread over its rotational levels (J ′ ) (these are not resolved due to the laser linewidth). The total energy is given by state, we estimated contributions of various Js, using Hönl-London factors. 23 To obtain the numbers in Table I , we first calculated the spread of J ′ s in the a-state resulting from the PA process and then the spread of J ′ s in the 3 3 Π state due to the REMPI. From the numbers in 
C. Analysis and Discussion
The vibrational term energies (T v ′ ) and the vibrational spacings (∆G v+1/2 ) of each of the Ω components of the 3 3 Π states are tabulated in Tables II, III and IV. In these tables are within 6 − 8% of the theoretical values, as can be seen in Figure 7 . The dip in the plot of ∆G v+1/2 vs. energy near 16600 cm −1 (Figure 7 ) is due to the double-minimum character of the potential, evident in Figure 3 .
We conclude that the theoretical potentials reported in section III when shifted down by 134-139 cm −1 , provide an accurate potential energy curve for the double minimum 3 3 Π Ω state in the region of the observed vibrational levels. In Figure 8 we show the 3
where the dashed curve indicates the ab initio potential and the solid curve shows this Also shown in Figure 8 is the portion of the 4 3 Σ + potential curve that overlaps with the 3 3 Π Ω=1 state. The 4 3 Σ + , v ′ = 1 − 16 levels were previously experimentally observed 10 . As can be seen in the figure, some vibrational levels of these two states lie in close proximity.
Pairs closer than ∼2 cm −1 include the 4
This suggests that these levels may appreciably perturb each other.
Perturbations may also be significant for the unobserved v ′ = 17 level of the 4 3 Σ + state and the v ′ = 10 level of the 3 3 Π state. However, these perturbations are not obvious in the data in Table III given the ∼0.5 cm −1 uncertainty from the pulsed laser linewidth. Higher resolution studies would be desirable.
We have not observed levels above v ′ = 12 of the 3 3 Π Ω states, only because REMPI scans
were not performed beyond the reported range. Our inability to observe the levels v ′ = 0 Also, to help characterize this double-well potential, Figure 10 shows the vibrational wavefunctions of this state for all the observed vibrational levels. The outer well is deeper than the inner well as shown in Figure 8 . Thus the v ′ = 0 − 2 levels belong entirely to the outer well, while the v ′ = 3 wavefunction has a small penetration into the inner well, which To investigate further, we acquired a pair of REMPI spectra over the same wavelength region, with PA first to 5(1), J ′ = 2 and then to 3(0 + ), J ′ = 1. Figure 12 shows the resulting spectra. If one of the two lines is the hyperfine ghost of the other, then their REMPI spectra should be almost identical. However, Figure 12 clearly shows that the two REMPI spectra are quite different.
Hence, we conclude that our assignments of the rotational band corresponding to 5(1), v ′ = 17 (refer to Figure 5 ) is correct and they are not hyperfine ghosts of the rotational bands of 3(0 + ), v ′ = 118. and at 3(0 + ), J ′ = 1 (red, thicker width). The "nd" notations indicates the atomic two-photon transitions that leaked into the molecular channel. These lines serve as precise internal references for calibration of each spectrum.
